Introduction
Arabidopsis serves as a useful model for investigating plant interactions with a wide array of parasites, including bacterial, fungal, viral and nematode pathogens (Crute Received 13 March 1997; revised 18 June 1997; accepted 26 June 1997 . *For correspondence (e-mail shauna@andrew.stanford.edu).
et aL, 1994; Holub, 1997; Kunkel, 1996) . Arabidopsisdisease resistance genes are being identified at a rapid rate, due, in part, to the extensive natural variation that occurs in this species and to the availability of more than 350 accessions in the Arabidopsis stock centers. Roughly 27 mapped disease resistance loci have been identified (Kunkel, 1996) , and, at a recent conference, preliminary reports of an additional 12 resistance genes were presented .
Disease resistance loci are not randomly distributed in the Arabidopsis genome. Rather, clusters of disease resistance and defense response genes exist, which Holub (1997) has termed major recognition complexes (MRCs). The clustering of disease resistance genes has been noted in other plant species, including barley (Jcirgensen, 1994) , lettuce (Hulbert and Michelmore, 1985) , flax (Ellis etaL, 1995) , tomato (Dixon etaL, 1996; Jones etal., 1994) and maize (Richter etaL, 1995) . Genetic studies suggest that both intergenic recombination between tightly linked resistance genes and intragenic recombination contribute to allelic variation at the maize Rpl locus (Richter etaL, 1995) . Similarly, molecular evidence suggests the flax rust resistance locus, M, consists of a cluster of closely linked genes (Ellis etaL, 1995) . An understanding of the role of intragenic and intergenic recombination in creating new allelic variants or in generating new resistance genes will be important in developing strategies to engineer novel resistance specificities. Recently, several disease resistance genes have been isolated from different plant species, including Arabidopsis, providing a first glimpse of the primary structure of this economically important group of proteins. The first plant resistance gene isolated that conforms to the gene-forgene hypothesis was the tomato Pto gene, which confers resistance to Pseudomonas syringae pv. tomato carrying avrPto (Martin etaL, 1993) . Pto encodes a Ser/Thr protein kinase, implicating protein phosphorylation in the pathogen recognition process , Most other cloned resistance genes encode proteins containing a leucine-rich repeat (LRR) domain (Bent, 1996; Jones and Jones, 1996) . LRR-containing resistance genes fall into two subclasses: those encoding proteins containing an extracytoplasmic LRR domain and those containing cytoplasmic
LRRs. The first class includes the tomato Cf-9 and Cf-2 genes, which code for resistance to defined races of the fungal pathogen, Cladosporium fulvum (Dixon et aL, 1996; Jones et aL, 1994) , and the rice Xa21 gene encoding resist-ance to the bacterium Xanthomonas oryzae pv. oryzae (Song etal., 1995) . It has been proposed that, upon ligand recognition, Cf-2 and Cf-9 transmit signals by interaction with another transmembrane protein, perhaps a transmembrane protein kinase (Dixon etal., 1996) . In contrast, Xa21 may be able to effect signal transduction directly via its cytoplasmic Ser/Thr protein kinase domain (Song etal., 1995) . Recently, a sugar beet nematode resistance gene,
Hs pr°-l, was cloned (Cai etal., 1997) . This gene appears to encode a protein with a membrane anchor at its C terminus and a leucine-rich extra-cytoplasmic region.
The second class of resistance genes includes the Arabidopsis genes RPS2 (resistance to P. syringae pv. tomato carrying avrRpt2; Bent et al., 1994; Mindrinos et al., 1994) , RPM1 (resistance to P. syringae pv. maculicola with the avrRpml avirulence gene; Grant etal., 1995) , and RPP5 (recognition of the downy mildew fungus, Peronospora parasitica; Parker etal., 1997) . This group also includes the tobacco N gene (resistance to tobacco mosaic virus; Whitham et al., 1994) and the flax L6 gene (resistance to flax rust; Lawrence et aL, 1995) . The cytoplasmic class of LRR disease resistance genes can be divided further into two subclasses distinguished by features at their amino termini. A potential leucine zipper defines the first subclass, which includes RPS2 and RPMI. The second subclass consists of L6, N and RPP5, genes containing an amino terminal domain homologous to the Drosophila Toll and mammalian interleukin-1 receptors. The cloning and characterization of additional resistance genes will reveal how many fall within these classes and how many define novel classes of disease resistance genes.
The conservation of features, such as the LRR motif, among a large fraction of the cloned disease resistance genes has suggested that conserved sequences can be used to find additional resistance genes. Recently, three groups have independently designed degenerate primers based on conserved sequences in the nucleotide binding site and a weak hydrophobic domain to amplify resistance gene-like sequences (Kanazin etal., 1996; Leister etal., 1996; Yu etal., 1996) . The PCR products were placed into distinct groups and a member of each group was mapped genetically. Altogether, 19 soybean (Kanazin etaL, 1996; Yu et al., 1996) and 12 potato (Leister et al., 1996) sequences were identified and mapped. In each of the three projects, several resistance gene-related fragments mapped near known disease resistance loci. In one particularly noteworthy example, no recombinants from a population of 1100 gametes separated a resistance gene-related fragment from the nematode resistance gene, Grol (Leister etal., 1996) . A fourth group used a Pto-like cDNA to identify a novel receptor-kinase-like gene that co-segregates with the wheat LrlO rust resistance gene (Feuillet et al., 1997) . These results suggest that this will be a productive strategy for identifying resistance gene sequences, especially in economically important crop species.
Arabidopsis is one of the few plant species for which an extensive set of EST sequences has been collected (Cooke etaL, 1996; Newman etaL, 1994) (Rounsley et al., 1996) . The Arabidopsis ESTs have been placed into 4153 TC groups and 12 598 singleton ESTs (Release 1.5 ; Rounsley etal., 1996) . These 16 751 sequences represent the products of distinct genes in most cases and it is estimated that roughly 63% of Arabidopsis genes are represented by at least one EST (Rounsley etaL, 1996) . Using various software searching programs, such as the FASTA or BLAST programs, the databases can be searched for sequences similar or identical to known genes or proteins (Altschul etal., 1990; Pearson and Lipman, 1988) . This approach is a fast and efficient method for identifying Arabidopsis genes and has been used extensively by the Arabidopsis community. Many disease resistance genes are expressed in uninfected tissues (e.g. Cf-9, Jones etal., 1994;  L6, Lawrence etal., 1995;  RPM1, Grant etal., 1995;  RPS2, Mindrinos et al., 1994) . Thus, although none of the tissues used for generating the majority of EST clones were specifically infected with pathogens, clones for disease resistance genes should still be represented in the database. Therefore, screening the Arabidopsis EST database with the sequences of cloned disease resistance genes should be an efficient method of identifying candidate disease resistance genes.
The construction of physical maps consisting of contiguous yeast artificial chromosome (YAC) clones covering the Arabidopsis genome (Hwang et al., 1991; Matallana et al., 1992; Schmidt etal., 1996; Zachgo etal., 1996) facilitates the mapping of Arabidopsis genes. By identifying a set of anchored YACs containing the gene of interest, the map position of the gene can be deduced from the map position of the YACs. The use of YAC libraries permits the rapid mapping of ESTs because it is not necessary to identify a polymorphic marker for each EST. This is a generally useful strategy that can be applied to the mapping of any gene or EST of interest in Arabidopsis (Agyare et al., 1997) .
In this paper, the identification of 94 Arabidopsis ESTs with sequence similarity to plant disease resistance genes is presented. These 94 R-ESTs fell into 62 distinct groups.
The map locations for 42 of these ESTs were established by determining their YAC coordinates or by genetic mapping. In addition, four Pto-like sequences were recovered and three were mapped. The aim of this work is to facilitate the cloning and characterization of disease resistance genes by the Arabidopsis community.
Results

Identification of R-ESTs and Pto-like sequences
All of the disease resistance genes used for sequence similarity searches of the various databases encode proteins that contain LRRs (Table 1) . We chose not to include
Hm I, the maize gene conferring resistance to Cochliobolus carbonum, because this gene encodes a reductase that detoxifies a highly specific pathogen-produced toxin (Johal and Briggs, 1992) , and was regarded as a specialized example. Computer-aided sequence similarity searches were made with the BLAST programs (Altschul etaL, 1990) and the NCBI Even though RPS2, RPM1 and RPP5 are expressed at low levels, ESTs highly similar to these resistance genes were recovered (Table 1) . For example, the nucleotide sequences of R64932 and T88149 were virtually identical to sequences in RPS2 and the T44885 sequence was highly similar to sequences in RPM1. T41662 strongly resembled RPP5 in nucleotide sequence. The recovery of ESTs for known resistance genes suggests that the assumption that resistance genes are represented in dbEST is correct. Since the entire protein sequence of a disease resistance gene was used in the similarity searches, ESTs with similarity to any part of a disease resistance gene could potentially be identified. The one exception, the Ser/Thr kinase domain of Xa21, was not used in BLAST searches due to the very large number of kinases present in the database. We assumed that the proportion of kinases specifically involved in plant disease resistance could be relatively small. Considering the entire set of 62 R-ESTs (see Table 1 ), the largest number of ESTs were identified based on their sequence similarity to the LRR domain of one of the disease resistance genes (46/62). The region of similarity for four Mapping Arabidopsis R-ESTs 1199 R-ESTs (i.e. T04362, T44885, T44979, Z17993) spanned a pre-LRR segment and the beginning of the LRR domain. Additionally, three R-ESTs (i.e. T75662, Z18443, Z30817) exhibited significant sequence similarity with the region just preceding the LRR domain. Although no specific function has been assigned to this region, it does appear to be reasonably well conserved. Five R-ESTs were similar to the Toll domain, two were similar to the nucleotide binding site, and two encoded kinase sequences. No ESTs showing similarity specifically to the leucine zipper region of RPS2 and RPM1 were recovered, which most likely reflects the bias of searches towards contiguous stretches of identical sequence.
In the discussion below, TBLASTN scores are used as a basis for comparisons between the amino acid sequence of each disease resistance protein and the deduced amino acid of each R-EST (Table 1) . Only comparisons that resulted in BLAST scores >80, indicating significant sequence similarity, are discussed (Newman et aL, 1994) .
When the Cf-9 amino acid sequence, which consists primarily of extra-cytoplasmic LRRs, was used in BLAST searches, a majority of ESTs were similar in sequence to the LRR domain ( Table 1 ). The deduced amino acid sequences of a few ESTs were similar to the region immediately preceding the LRR domain and none showed similarity to the transmembrane or cytoplasmic domains of Cf-9. Not surprisingly, BLAST searches with the Xa21 amino acid sequence, which has an LRR domain similar to Cf-9 (Song etaL, 1995) , identified many of the same ESTs (Table 1 ). In addition, Xa21 identified the two Pto-like ESTs, H36913 and R64794.
The number of ESTs exhibiting sequence similarity to RPM1 or RPS2, proteins characterized by a leucine zipper, a nucleotide binding site and an LRR domain, was less than the number that were similar to Cf-9 and Xa21 (Table 1 ). In addition to R64932 and T88149, the ESTs derived from the RPS2 gene, only EST Z17993 showed significant sequence similarity to RPS2. ESTs H36320 and N97067 exhibited significant similarity to RPM1 in the LRR domain and little or no similarity to the other disease resistance proteins. None of the R-ESTs were similar to the nucleotide binding site or leucine zipper regions of RPM1 or RPS2 (Table 1) .
The second subclass of cytoplasmic LRR resistance proteins, including N, L6 and RPP5, identified a third set of ESTs. Among these R-ESTs, one, F14315, was similar to the nucleotide binding site of N, and five (i.e. H77224, N65692, R29891, T20808 and T46721) were similar to the N-terminal Toll region or the region immediately following the Toll domain. The remaining R-ESTs with sequence similarity to L6, N or RPP5 contained LRR sequences.
If only BLAST scores >80 are considered, then R-ESTs exhibited sequence similarity only with resistance proteins from the same class (e.g. with Cf-9 and Xa21 or with L6, T45680 (Z46819 and Z46820 are from the same clone.) (a) The designation "LRR" or "pre-LRR" indicates that the R-ESTs was similar to a disease resistance gene in the LRR domain or the domain immediately upstream of the LRR domain. "Toll", "NBS" and "Kinase" indicate that the R-EST showed similarity to a Tollsignaling, a nucleotide binding site or a ser/thr kinase domain respectively. (b) The last two columns indicate the TIGR TC assembly group to which the R-EST belongs and any other ESTs that are members of the same TC group, na, not assignable.
(c) The values represent TBLASTN scores (BLOSUM 62 matrix, no filtering), which reflect the degree of sequence similarity between the deduced amino acid sequences of the indicated disease resistance protein and the R-EST, with higher scores indicating a greater degree of sequence similarity. Dashes ("-") indicate that no sequence similarity was found. See Altschul et aL (1990) and Newman et aL (1994) for a description of BLAST scores.
N and RPP5). Although a rough measure of relatedness due to the incomplete nature of the EST sequences, these data support the validity of the classes of resistance genes deduced from an analysis of resistance gene sequences . Initial searches with the Pto polypeptide sequence identified several Arabidopsis genes of unknown function, including APK1 (Hirayama and Oka, 1992) and ATPRIKINA (Moran and Walker, 1993) , plus three Arabidopsis EST sequences, H36913, R64794 and Z37669. An alignment of the deduced amino acid sequences of APK1 and ATPRIKINA revealed blocks of conserved amino acid residues (data not shown). Three degenerate primers (kinfl, kinf3 and kinrl) were designed based on the conserved motifs and used in a two-step PCR amplification protocol using Landsberg erecta (Ler) genomic DNA as the template. Three distinct fragments of approximately 260, 370 and 490 bp were produced (data not shown). These fragments were cloned and the nucleotide sequences of nine were determined. Of these, two apparently did not encode kinases, and two encoded putative protein kinases unlike any plant protein kinases in the databases. Three of the cloned products (designated PK2, PK5 and PK9) coded for putative protein kinases closely related to Pto, Fen , APK1 and ATPRIKINA. One, PK1, encoded a putative product similar to Pto but more closely related to plant receptor-like protein kinases (Braun and Walker, 1996) . The gene fragments represented by PK1, PK2, PK5, and PK9 encoded putative protein products exhibiting respectively 48.6, 51.1, 45.1 and 53.6% amino acid sequence identity with Pto. A more recent search based on Pto revealed > 132 significant matches in the TIGR database, suggesting that additional Pto-like ESTs could be analyzed in future.
The R-ESTs were used to search the TIGR database of TC assemblies. Thirteen TC assembly groups, consisting of 2--8 ESTs, were found (Table 1) . For comparison, the average TC group consists of four members, with the largest consisting of 221 EST sequences (Rounsley et aL, 1996) . In total, 94 R-ESTs, which includes three Pto-like ESTs, were analyzed in this report. These represent 62 nonredundant sequences. No conclusions can be drawn about the relative levels of expression of the various genes based on the number of ESTs identified for each gene because EST clones are not sequenced at random from the source libraries (Cooke et al., 1996; Newman et al., 1994) . However, most genes were represented by a single R-EST, suggesting that the genes analyzed are not highly expressed. This observation is consistent with the fact that disease resistance genes are weakly expressed.
The 3' ends of ESTs of six TIGR TC groups were sequenced to test whether the members of a given TC group represented clones derived from the same gene or from closely related genes. Most members of a TC group had nearly identical 3' sequences in regions of sequence overlap. For instance, the 3' sequences of members of TC8582, TC9681 and TCl1016 grouped together in their respective TC groups. The 3' sequence of all members of TC8632, except H36976 (clone 181E3), were highly similar. About 6% of nucleotides from the 3' end of H36976 (clone 181E3) differed from the 3' sequences of other members of TC8632. Additional sequencing would be required to determine conclusively whether this clone was derived from the same gene or a distinct member of a gene family. The 3' sequence of T45680, a member of TCl1040, groups with TC9829. Also, Z46820, a member of TC9829, and Z46819, a member of TCl1040, are the 3' and 5' sequences, respectively, of the same clone. Thus, TCl1040 and TC9829 consist of non-overlapping sequences from the 5' and 3' ends of the same gene. It is important to exercise some caution in interpreting these results both because the sequence fidelity of the ESTs is estimated to be only about 95% (Newman eta/., 1994) and because the full-length sequences of the EST clones are not available. Alternate splicing, such as exhibited by N (Whitham et aL, 1994) and L6 (Lawrence eta/., 1995) , or variation in the poly(A) addition site (Rothnie, 1996) may also contribute to variation in the 3' sequences of mRNAs derived from the same gene. Given the limitations of the mapping data (as noted below), R-ESTs R89998 and T21150, which form part of TC9681, mapped to similar locations (Table 3, Figure 1 ). Together, these data support the concept that members of a given TC group are generally derived from a single gene.
Mapping R-ESTs by identifying anchored YACs
Two YAC libraries, the CIC (Creusot etaL, 1995) and yUP (Matallana et aL, 1992) libraries, were screened, and a PCRbased method was used to identify YACs containing the ESTs. The primer sequences and the annealing temperature used in the PCR reactions are listed in Table 2 . The ESTs T88149 and T41662, which show high homology to RPS2 and RPP5, respectively, were mapped as positive controls. Reassuringly, only YACs previously anchored by RPS2 or RPP5 were identified (Bent etaL, 1994; Mindrinos etaL, 1994; Parker et aL, 1997) .
Most of the ESTs were mapped unambiguously to a set of YACs anchored by the same marker (Table 3) . If the map position of an R-EST is based on only one anchored YAC, the position should be viewed with caution due to the possible chimerism of the YAC (Creusot etaL, 1995;  Mapping Arabidopsis R-ESTs 1203 Matallana etal., 1992 Schmidt etal., 1996) . Sometimes, no anchored or only chimeric YAC clones were identified in either the CIC or yUP libraries. We attempted to develop CAPS markers for the EST by digesting the PCR products amplified from Ler and Col-0 genomic DNA with six restriction endonucleases to provide map positions in these cases. CAPS markers were generated in this fashion for four ESTs, F15571, H77224, N97067 and R89998, and scored on 90 F s (Let x Col-0) RI lines (Lister and Dean, 1993) . When this approach failed to yield a polymorphism, the EST (i.e. R30025, T04109, T20808, T43968, Z17993) was mapped as an RFLP marker using Southern blots of 27-30 highly recombinant Fs (Ler × Col-0) RI lines (Lister and Dean, 1993) . The ESTs mapped as either CAPS markers or RFLP markers are noted in Table 3 and the original mapping data have been deposited at the Nottingham Stock Center (Anderson, 1996) . In addition to F15571 and T04109, eight RESTs (i.e. F15353, H36320, H37061, R64932, T13648, T20493, T42294 and Z30800) were mapped to YAC clones but could not be placed on the genetic map due to the existence of chimeric or non-anchored clones. These eight, in addition to 11 other R-ESTs (i.e. F14315, N65198, N65416, N65549, N65836, N96307, T20671, T44885, T44979, T45996 and Z34772), were not mapped genetically for a variety of reasons, which included the absence of a polymorphic marker or poor amplification reactions.
The EST R30025 was mapped as an RFLP marker to chromosome 3 between the markers m457 and g2778 using the F 8 (Let x Col-0) RI lines. This position was confirmed by identifying YACs anchored in the same region of chromosome 3. Additionally, mapping with an F 3 (Columbiagll x Kas-1) population revealed a similar chromosome 3 location for R30025 (I.W. Wilson, unpublished results). However, an additional location for R30025 is shown on chromosome 5 based on the results of PCR amplifications with primers PEST33 and 34. We assume that an R30025 homologue resides on chromosome 5 (Table 3) . PK1, the Pto-like kinase sequence, also mapped to two locations in the genome (Table 3, Figure 1) .
The map positions for the R-ESTs given in Table 3 and Figure 1 should be utilized with some care. These map positions are not very precise. The average size of the CIC YAC clones is 420 kbp and the average relationship between genetic and physical distance is about 140 kbp/ cM (Schmidt et aL, 1996) . Therefore, R-ESTs mapped with reference to CIC YACs have been mapped to a 3.0 cM interval on average. In one extreme example, YAC CIC6F3, which contains R-EST N97067, is estimated to be (Holub, 1997; Kunkel, 1996) . Chromosome numbers are indicated above each chromosome. F13577  SS217  F14315  SS190  F15353  SS219  F15571  SS213  F20107  SS211  F20108  SS215  H36320  SS182  H36821  SS166  H37061  SS164  H77224  SS180  N38401  SS203  N65549  SS195  N65692  SS225  N65836  SS223  N95848  SS209  N96078  SS231  N96307  SS235  N96493  SS233  N96711  SS207"  N97067  SS199  R29891  PEST13  R30025  PEST33  R30025  SS150  R30624  SS172  R64932  SS174  R89998  SS176  R90150  SS178  T04109  SS136  T04135  SS130  T04362  PEST47  T13648  PEST45  Tt4233  PEST19  T14233  SS108  T20493  SS90  T20671  SS188  T20808  PEST15  T21150  SS144  T21447  PEST21  T21447  SS92  T22090  PEST57  T41629  SS221  T41662  PEST1  T42294  SS102  T43968  PEST9  T44979  A  T45845  PEST23  T45996  SS227  T46064  PEST3  T46145  SSl16  T46379  SS168  T46721  PEST11  T75662  SS170  T88149  PEST35  Z17798  SS104  Z17993  PEST31  Z18443  PEST7  Z26226  PEST27  Z30800  SS132   CGA TGG GTG TGG AGA GT  SS218  GCC ATG ACC AAG GAA AAT AAG  SS191  GGA AGA GAA CCC TCA AGA AGA  SS220  TTA ACG TAG CCG ATA ACC  SS214  GAC GCG TGC CCA AAC TC  SS212  CEI SS208  GGA TTG CTG ATA CAT TGC  SS200  CAT ACT GCA ACT AAG TAC GAT G  PEST14  GCA AGC CTT CAA CAC TTA GCA TG  PEST34  GCA AGC CIT CAA CAC TTA GCA  SS151  TTC GTC GAT TTC GGA GTT AG  SS173  GAA GCC AAT CAT TTT CA  SS175  GCC AATCCC TAGAGCACT CA  SS177  AAT GTT TCC GAG GAT TGA A  SS179  ATG ATC ACT CTT TTG CCT TTT  SS137  AAT ATA Ff-G GGG ACT TGA AGA  SS131  TGA ACT CTT CCT TTA CTC TC  PEST48  CGA TGT TCA AAA CAC TTA TG  PEST46  TGA GAT CTA ATA GTA GCC TGT T  PEST20  GGC CCT TTG AGA TCT AAT AGT  SS109  TCT TCA TGG CAG GGA GTG G  SS91  GCG GAG AGC TTA AGC CAA CT  SS189  AAG CGT ACT TCT CTG AAA GCA C  PEST16  ACA TGG CGT CTC GAA ACT  SS145  GGA ATC TCC GGT GTT ATA CCT C  PEST22  TCG GAA GAC FI-A GGA AAC TGA  SS93  CGA ACA TTG AAT CTG GAT GC  PEST58  GCC CGG AAC AAG TTT AGT GG  SS222  TTG TTG CTC AAG TTT GAG AAC  PEST2  TTG GGG AGC TGT AAG AAG A  SS157  GCC AAC AAC TAG TTG ATA TTG AC  PEST10  TTT TCA TTT CCG TCA TCT  B  GAA CTC TGA PEST12  TCG TCG TCT TCT TGC TTC TC  SS171  CAA CAC TGA TGC TCC AAC AGA AC  PEST36  ATG GAC TGG CGT GAT G  SS105  GAG ATG GCT CTA TGG ATT GCA TC  PEST32  GGA TGA AGC AAT ATT TCG TCA C  PEST8  GGG GAG ATT CCC GCG GAA ATC GGC PEST28  CAA TTC TTT TCC GGT GAT TCC T  55  350  TGT TTG AGA AAA qq-A ACC TCG A  60  340  GAT TCT TCC GTT GTT ACA GC  54  210  TCG AGA TTT GTA GCA TTT GAC  55  299  AGC TTC CCT GAT GTC ATT  54  300  AGA TTG TGG AAG CGA GTT AG  50  191  CTC TCC CTT TCA TCT CGT TGC  55  300  CGC AGC TCA CAC CAT ACC  68 (h)  162  ACC GGC GTA CIF GTA GTA CAA GT  55  321  GAG AGA CCC TGA GAT TCT GTT  52  303  GGT TAG GCA All TCC GGA GAC TTG  52  298  GTC TCG TTA ATA TCC GAT GCG  57  321  CCT TCA TGT TAC CCA TCC ATT C  55  322  GCC TCG GGT TAG GTT TC 55 (d) 262 (c) Touch-down annealing temperature began at 52°C, decreased 0.5°C/cycle for 4 cycles and was followed by 30 cycles at an annealing temperature of 50°C.
(d) Touch-down annealing temperature began at 60°C, decreased 0.5°C/cycle for 10 cycles and was followed by 30 cycles at an annealing temperature of 55°C.
(e) Touch-down annealing temperature began at 57°C, decreased 0.5°C/cycle for 10 cycles and was followed by 30 cycles at an annealing temperature of 52°C.
(f) Touch-down annealing temperature began at 62°C, decreased 0.5°C/cycle for 10 cycles and was followed by 30 cycles at an annealing temperature of 57°C.
(g) A "hot-start" PCR was preformed in which the primer labeled with an asterisk was separated from the second primer and the Taq polymerase by a wax layer until the first cycle of PCR.
(h) Two-step PCR conditions: 94°C for 30 s, annealing temperature as indicated in the table for 90 s over 30 cycles.
> 1500 kbp in size and extends over > 6.8 cM (Schmidt etaL, 1996) . Furthermore, some anchoring markers have not been precisely mapped on the full set of F 8 (Ler × Col-0) RI lines. In addition to a lack of precision, some map positions may be incorrect. The occurrence of multigene families of highly related members can lead to some ambiguity in the map position. For example, both R30025 and PK1 mapped to two locations. As mentioned above, some YAC clones are chimeric and can give misleading map information. We encourage those interested in a specific R-EST to remap the EST as a PCR-based or RFLP marker on the full set of F 8 (Ler × Col-0) RI lines or a mapping population segregating for the resistance gene of interest. Figure 1 represents the R-ESTs map locations graphically. These locations are compared with the integrated map of Arabidopsis disease resistance genes (Holub, 1997; Kunkel, 1996) . The R-EST and Pto-like loci were not uniformly distributed in the Arabidopsis genome. A disproportionate number occurred on chromosomes 1 (11 of 47) and 5 (20 of 47). Some R-EST loci are clustered in MRC regions (Holub, 1997) . The most notable example is the cluster of nine R-EST loci centered on the marker mi2 in the MRC-J region, which contains several viral, bacterial and fungal resistance loci (Holub, 1997; Kunkel, 1996) . Additional LRRcontaining sequences, which are not represented in dbEST, have been identified in the MRC-J region, confirming that this region is enriched in resistance gene-like sequences (D. Murali, J. McDowell and J. Dangl, personal communication).
A number of R-ESTs and Pto-like sequences mapped near genetically mapped disease resistance genes. R-EST R90150 mapped near RPB1 (resistance to Plasmodiophora brassicae 1) and T42294 and PK5 were placed near CAR1 (cauliflower mosaic virus resistance 1). More precise mapping would be required to determine whether or not these R-ESTs are good candidates for the Columbia alleles of RPB1 and CAR1, respectively. Also, Z30811 and PKlb mapped near RPW2 (recognition of powdery mildew 2), and the co-segregation of these markers with RPW2 is being tested (1. Wilson, personal communication) . MRC-J on chromosome 5 consists of at least nine disease resistance loci (RAC3, RPS4, HRT1 and 7-1"R1, and five distinct RPP loci) and nine R-EST loci mapped to this region. Notably, MRC-J constituent RPP22 maps near the marker mi2 as do R-ESTs N38401, R30624, T20808 and T21477. Intriguingly, T20808 shows highest sequence similarity to another RPP gene, RPP5 (Table 1 ). This represents one of the more promising regions of genome from which to clone resistance genes via the candidate gene approach.
Discussion
Altogether, 94 R-ESTs and four Pto-like sequences were identified from Arabidopsis. These assembled into 62 nonredundant R-EST TC groups or singletons and four nonredundant Pto-like sequences, which were used to define 47 loci. As new EST and bacterial artificial chromosome (BAC) genomic sequences are added to the database, additional R-ESTs will continue to be discovered. Despite 
(a) Chr and cM indicate the chromosome and estimated map position relative to the RI map (May 12, 1997 version; Anderson, 1996) . A map position given in brackets indicates the map position of the nearest mapped marker to the marker anchoring the YAC clones. Occasionally, the marker anchoring the YACs was not placed on the RI map and the map position of a neighboring marker was given in the table. (n) PK1, PK5, and PK9 are clone names. The GenBank numbers for the sequences of these clones are U82399 (PK1), U82401 (PK5) and U82402 (PK9).
(o) Locus PKla and (p) Locus PKlb.
low levels of expression of the RPS2, RPMI and RPP5 genes, ESTs corresponding to these disease resistance genes were recovered from dbEST. Therefore, disease resistance genes appear to be adequately represented in dbEST. Disease resistance genes that would not be represented in the current EST databases include those for which the Columbia allele is deleted or missing, a phenomenon observed in Arabidopsis accessions susceptible to P. syringae maculicola (avrRpm 1) (Grant et aL, 1995) .
We estimated the total number of R-ESTs of the LRR class represented in the Arabidopsis genome at about 95 (number of loci defined by R-ESTs + number of unmapped R-ESTs/proportion of Arabidopsis genes represented in dbEST; (41+19)/0.63). This calculation is based on the assumption that disease resistance genes were not underrepresented in the database. With the caveat that some genes with an LRR domain are not resistance genes as noted in the next paragraph, this observation suggests that the LRR-class of disease resistance genes is a significant class in Arabidopsis.
Not all genes with an LRR motif are disease resistance genes; thus, not all of the R-ESTs necessarily represent disease resistance genes. Polygalacturonase-inhibiting proteins and LRR-extensins both contain LRR motifs . Although, these proteins may contribute to the outcome of plant-microbe interactions, they are considered defense response genes rather than true disease resistance genes . Also, three LRR receptor-like kinases of unknown function have been described in Arabidopsis (e.g. TMK1, TMKL1, RLK5) (Braun and Walker, 1996) . Unexpectedly, two developmental genes, ERECTA, which exhibits pleiotropic effects on the growth habit of Arabidopsis (Torii eta/., 1996) and CLAVATA1, which affects the apical meristem (Clark eta/., 1997) , are predicted to contain an extracellular LRR domain and an intracellular Ser/'l'hr kinase domain, and thus resemble Xa21. Many of these LRR-containing proteins were identified along with R-ESTs in TBLASTN searches and no features that distinguish disease resistance genes, like Xa21, from non-resistance genes have been defined.
Although a limited example, it is tempting to speculate that cell-cell communication in developmental processes and plant-pathogen interactions may have evolved from a common ancestral mechanism (Wilson eta/., 1997) .
No example of an Arabidopsis disease resistance gene with a kinase domain similar in structure to ,°to or Xa21 has been cloned to date. By mapping either kinase-like ESTs or additional sequences generated with degenerate primers, it is possible that kinase-containing genes involved in the expression of resistance may be identified. As a number of signaling pathways include one or more kinases, it seems likely that at least some signaling pathways initiated by disease resistance genes will also include kinases . The fact that Pto is a Ser/ Thr kinase and interacts with another Ser/Thr kinase, Ptil (Zhou etaL, 1995) , and the fact that Xa21 is a hybrid LRR-Ser/Thr kinase protein lend credence to this idea.
Understanding how plant disease resistance genes have evolved and how genetic variation at these genes is created and maintained are important topics of discussion (Bennetzen and Hulbert, 1992; Bent, 1996; Holub, 1997; Jones and Jones, 1996; Pryor and Ellis, 1993) . With the mapping of roughly 27 disease resistance loci and 26 RPP resistance specificities, it is evident that Arabidopsis disease resistance loci tend to occur in clusters (Holub, 1997; Kunkel, 1996) . Although the complete genomic sequence of these intervals will definitively address this issue, our preliminary data imply that gene duplication events have contributed to the clustering of some disease resistance genes. Three (H36821, Z33873, Z46819) of four ESTs mapping to the same location near the top of chromosome 5 are most similar to Cf-9 or Xa21, and the fourth, N97067, is most similar to RPM1. Thus, the genes represented by H36821 and Z33873/Z46819 may have arisen relatively recently by gene duplication. However, the gene represented by N97067 is sufficiently different that it may have arisen either via a gene duplication event at a distant time or via some other mechanism. Similarly, R-ESTs N38401, R30624 and T21477 are most similar to Cf-9 or Xa21, while a neighboring R-EST, T20808, which maps to some of the same YAC clones, is most similar to RPP5. If this clustering of similar and dissimilar R-ESTs can be confirmed using functionally defined disease resistance genes, then it would suggest that gene duplication events occur repeatedly over time. It is less likely that these gene clusters arose during a brief, active period of genome rearrangement.
As a general strategy for identifying a specific class of genes, mapping ESTs is a relatively straightforward and inexpensive method compared with map-based cloning or tagging (Agyare etal., 1997) . Mapping the ESTs to the CIC library is generally preferable because of the low frequency of chimeric clones in this library (Schmidt etal., 1996) . Also, this library is being used extensively by groups developing physical maps of the Arabidopsis genome; therefore, the proportion of mapped CIC YACs will increase over time. However, not all sequences are represented in any one library and a back-up strategy for mapping is required. Finding polymorphisms is more difficult for CAPS than RFLP markers because the PCR-amplified fragments used for generating CAPS are relatively small. However, scoring large numbers of individuals from a mapping population is more convenient with CAPS markers than RFLP markers and the accuracy and precision of a map position reflects the size of the mapping population. On balance, we favor sequencing the 3' ends of EST clones so that larger fragments can be amplified and screened for CAPS polymorphisms as a back-up strategy.
We hope that the information generated in this report will benefit the Arabidopsis community and will aid in the cloning of additional disease resistance genes. With a full complement of cloned and characterized resistance genes, long-standing questions in plant pathology about the nature and evolution of disease resistance genes can be addressed. Given that two developmental genes also encode LRR-containing proteins, it is possible that at least some of the ESTs identified in this report will be of interest to developmental biologists as well. Information contained in Tables 1, 2 
Experimental procedures
PCR amplification
PCR amplification of Arabidopsis genomic or yeast DNA was performed in an M JR PCT-100 thermocycler (MJ Research Inc., Watertown, MA). PCR (25 I~1) consisted of 10 mM Tris-CI (pH 9.0), 50 mM KCI, 0.1% Triton X100, 2 mM magnesium chloride, 0.1 mM each of the four deoxyribonucleotide triphosphates, 600 nM of each primer (Life Technologies, Gaithersburg, MD), and 0.5 units of Taq polymerase (Promega Corporation, Madison, Wl).
Sequences of the various primers are listed in Table 2 . Arabidopsis DNA (10 ng) or yeast DNA (50 ng) was used as template. Standard cycling conditions were 94°C for 30 sec, a specific annealing temperature for 30 sec, and 72°C for 30 sec over 30 cycles. The specific annealing temperatures are given in Table 2 . PCR products (5111) were separated on agarose gels (Amresco Corporation, Solon, OH) in 1 × TAE (40 mM Tris-acetate, pH, 1 mM EDTA, pH 8.0) and visualized by staining with ethidium bromide.
YAC DNA preparation
Two YAC libraries were used. The yUP library contains 2300 clones with an average insert size of 250 kbp, representing between five and six genome equivalents (Matallana etal., 1992) . The CIC library consists of 1152 clones with an average insert size of 420 kbp, representing about four nuclear genome equivalents (Creusot et al., 1995) . Both YAC libraries are available from the Arabidopsis Biological Resource Center (http://aims.cps.msu.edu/ aims/). The yUP YAC clones were originally obtained from J. Ecker (University of Pennsylvania, Philadelphia, PA). The yUP YAC clones were grouped from 24 96-well plates into 24 plate pools, 24 column pools and 24 row pools. Plate pools consisted of 96 colonies from each plate. The 12 colonies from a row for eight plates formed a row pool. Column pools included eight colonies from a column for 12 plates. Thus, each unique YAC will give a positive signal in one plate pool, one row pool and one column pool. However, due to the redundancy inherent in the yUP library, multiple positive signals are generated. Therefore, to confirm which YACs gave positive signals, the individual YACs were tested.
CIC YAC pools were constructed according to Creusot eta/. (1995) .
DNA was prepared from pools of YAC clones according to Matallana eta/. (1992) . Extraction of DNA from individual YAC clones was carried out using methods described by Hoffman and Winston (1987) .
Generation and mapping of CAPS markers
Genomic DNA was prepared from Col-0 and Ler and from 90 F8 (Ler x Col-0) RI lines (Lister and Dean, 1993) by the method of Bernatzky and Tanksley (1986) . PCR products were generated using the primers and amplification conditions listed in Table 2 and above. The PCR products were digested with the indicated restriction endonuclease at 37°C for 1 h according to the manufacturers' recommendations and then separated on 4% Metaphor agarose (FMC Bioproducts, Rockland, ME) in 1 x TAE. The restriction enzymes used were Hinfl (N97067), Hpall (F15571), Rsal (R89998) and Taql (H77224).
Generation and mapping of RFLP markers
Genomic DNA from Col-0, Ler and 27-30 highly recombinant RI lines (Lister and Dean 1993) was restricted with specific enzymes to identify RFLPs. The restriction endonucleases used were Bg~l (R30025, T43968), EcoRI (T04109), EcoRV (T20808) and Hindlll (Z17993). DNA (4 lag) was separated on 0.85% SeaKem agarose (FMC Bioproducts, Rockland, ME) in 1 x TAE. Products were then transferred to Hybond N filters (Amersham, Chicago, IL). The filters were UV crosslinked at 1200 MJ and then baked at 80°C for 2 h. Pre-hybridization took place at 65°C for 1 h in 5 x SSPE (1 × SSPE: 180 mM NaCI, 10 mM NaH2PO4, 1 mM EDTA, pH 7.4), 0.5% SDS, 5 x Denhardt's solution (50 x Denhardt's solution: 0.5% Ficoll (Type 400), 0.5% polyvinylpyrrolidone, 0.5% bovine serum albumin), and 0.1 mg m1-1 sheared salmon sperm DNA. Probes were hybridized overnight in the same solution at 65°C, and then the blots were washed once in 1 × SSPE and 0.1% SDS and twice in 0.5% SSPE and 0.05% SDS at 65°C. Blots were exposed to Kodak X-Omat AR X-Ray film (Eastman Kodak Co., Rochester, NY) for between 1 and 5 days. General methods of DNA manipulation were performed as described by Ausubel eta/. (1990) .
PCR amplification ofArabidopsis Pto homologs
Three degenerate primers were designed based on motifs conserved between Pto, Fen, APK1 and ATPRIKINA. One of these primers (kinfl) was designed to be specific for this class of protein kinases. For the initial amplifications from genomic DNA of Ler and Col-0 (10 ng per reaction), primer kinf3, 5'-GGNTI'NGGNGAYGTNTANAA, corresponding to the amino acid sequence GFGDVYK, and the antisense primer kinrl, 5'-CCRAANSYRTANACRTC, corresponding to the amino acid sequence GFSYVD, were employed at concentrations of 10 and 1 p_M, respectively. For the second amplification, 1 I11 of the product of the initial reaction was transferred to fresh reaction mix containing primer kinfl, 5'-GGNGCNGCNMRNGGNYT, corresponding to amino acid sequence GAA(R/K)GL, and primer kinrl at concentrations of 10 and 1 pM, respectively. Both amplifications were performed in a model 480 thermal cycler (Perkin Elmer Cetus, Norwalk, CT) for 40 cycles (94°C for 15 sec, 50°C for 30 sec, 72°C for 1 min) in 40 p.I of reagent mix containing 50 mM KCI, 10 mM Tris-HCI, pH 8.3, 0.2 mM each of the four deoxyribonucleotide triphosphates, and 1 unit Taq polymerase. PCR products derived from Let were treated with T4 DNA polymerase to produce flush ends, separated by agarose gel electrophoresis, and purified following digestion of the gel with agarase (New England Biolabs, Beverly, MA). The manufacturer's protocol was employed. The products were ligated to Hincll-cut pUC19 (Yanisch-Perron eta/., 1985) that had been treated with calf intestinal alkaline phosphatase, and the ligation mixture was used to transform Escherichia coil strain DH5c~ (Life Technologies, Gaithersburg, MD). The M13 universal forward and reverse primers (Yanisch-Perron eta/., 1985) were used to direct the sequencing reactions, which were performed by the DyeDeoxy terminator cycle sequencing method (Applied Biosystems Division, Foster City, CA) and an ABI model 373A saquenator.
Sequencing 3' and 5' ends of R-EST clones of TC assembly groups
Plasmid DNA was isolated using the Promega Wizard Plus Miniprep columns (Promega, Inc., Madison, Wl). The 5' sequence was determined to confirm the identify of the clone and then the 3' sequence was determined. Sequencing reactions were prepared using the Dye Terminator sequencing kit supplied by Applied Biosystems Division and run on an ABI Prism 310 Genetic Analyzer sequence.
Data analysis
Computer-aided sequence similarity searches of the NCBI nonredundant nucleotide and peptide sequence databases were made with BLAST V.1.3.11MP (Altschul eta/., 1990) or FASTA programs (Pearson and Lipman, 1988) . Default parameters for the TBLASTN searches reported in Table 1 were BLOSUM62 matrix, default S threshold and no filtering. Several overlapping blocks of 150-300 amino acids of the disease resistance proteins were used in TBLASTN searches of dbEST to identify candidate ESTs. In addition, related EST sequences were identified using the search alogrithm developed by TIGR, which groups ESTs with at least 40 nt of overlap and 95% sequence similarity in the region of overlap into TC assemblies (Rounsley et al., 1996) . Conceptual translations and alignments were performed with the Wisconsin Package Version 8.0 programs MAP, GAP, BESTfiT, PILEUP and PRE]-rY (Genetics Computer Group, Madison, Wl) or with the CONTIG and ALIGNMENT routines of the ONASlS software package (Hitachi Software, Co., San Bruno, CA). The SS series of primers were designed using the OLIGO software program, version 5.0 (National Biosciences, Plymouth, MN).
MAPMAKER (V.II for Macintosh computers) analysis was performed using the Kosambi mapping function (Koornneef and Stam, 1992; Lander eta/., 1987) . A LOD score of 6.00 was used as a minimum criterion for significance when mapping was performed with 90 F s (Ler x Col-0) RI lines (Lister and Dean, 1993) . However, a LOD score of 3.00 was used when mapping with only 27-30 RI lines. RFLP markers in the data set were obtained from the World Wide Web (http://cbil.humgen.upenn.edu/-atgc/genetic-mapping/ ListerFeb95.html). The mapping data for those ESTs mapped as either CAPS or RFLP markers were subsequently re-analyzed by Mary Anderson and colleagues (Nottingham Arabidopsis Stock Centre, Nottingham, UK) using a larger data set of reference markers.
